Methods

Study Design
All CHF patients with normal sinus rhythm who were hospitalized for progressive heart failure from April 2000 to August 2003 were enrolled in this study. The diagnosis of CHF was based on a history of dyspnea and symptomatic exercise intolerance with signs of pulmonary congestion, documentation of left ventricular enlargement or dysfunction by physical examination, chest X-ray film, or echocardiography. All patients were prescribed standard medications including digoxin, angiotensin-converting enzyme inhibitors, diuretics, and -blockers in various combinations. We followed the patients after hospital discharge following improvement of CHF. The endpoint of this study was a cardiac event defined as either cardiac death or readmission because of worsening of CHF.
HRV Analysis
All patients underwent 2-channel 24-h Holter ambulatory electrocardiographic (ECG) monitoring after improvement of pulmonary congestion or peripheral edema. A conventional estimate of rhythm disturbances was first performed using a MARS 8000 scanner version 4.0A of the arrhythmia analysis software (Marquette Medical Systems, Milwaukee, WI, USA). Second, spectral analysis of HRV was performed using a MARS 8000 HRV program version 4.0A as previously described. 14, 15 Briefly, after arrhythmia analysis, spectral plots were computed for every 5-min segment with a 1,024-point fast Fourier transformation and the power spectra were quantified. In the present study, we computed the 24-h power spectral density and calculated the power within 3 frequency bands: very low frequency (VLF: 0.0033-0.04 Hz); low frequency (LF: 0.04-0.15 Hz), which reflects modulation of sympathetic or parasympathetic tone by baroreflex activity 16 and high frequency (HF: 0.15-0.40 Hz), which reflects modulation of vagal tone, primarily by breathing. 17, 18 In addition, we calculated the total power (TP: 0-0.40 Hz) and the ratio of LF to HF power, a measure that has been used as an indicator of sympathovagal balance, 2 making a total of 5 frequency bands that were measured.
New York Heart Association (NYHA) Functional Class, LVEF, BNP and NE
The NYHA functional class was quantitatively estimated using the specific activity scale question. 19 Resting ECGgated 99m Tc perfusion imaging, the neurohormonal measurements and the specific activity scale questionnaire were examined after improvement of pulmonary congestion at approximately the same time as the Holter recording.
Resting ECG gated 99m Tc perfusion imaging was obtained 30 min after injection of 600 MBq of 99m Tc perfusion tracer ( 99m Tc single photon emission computed tomography image). Images were gated at 16 frames/cycle. The left ventricular ejection fraction (LVEF) was automatically calculated from the resting ECG gated 99m Tc perfusion imaging as a parameter of ventricular function using previously validated and commercially available automated software (QGS, Cedars-Sinai Medical Center, Los Angeles, CA, USA). 20 Participants were allowed to rest in the supine position in a quiet room for 30 min in the morning after intravenous cannulation. Blood was collected for analysis of brain natriuretic peptide (BNP) and norepinephrine (NE). The sample was separated within 20 min, and the plasma was stored at -20°C before transport on dry ice to the assay laboratory. Assays for BNP and NE were conducted according to established methods. 21, 22 
Statistical Analysis
Continuous variables are expressed as mean ± standard deviation and were assessed using an unpaired Student's t-test. Categorical variables are reported as absolute and relative frequencies, and were compared using a chi-square test. The difference in the grading of the NYHA functional class was tested with a Mann-Whitney U test. Multivariate regression analysis was performed on the variables with p<0.05 in univariate analysis and used to identify independent predictors for cardiac events. To analyze the predictive value of variables, we constructed receiver operating characteristic curves and determined the suitable cutoff point where sensitivity is as nearly equal to specificity as possible. The event-free curve was compared with KaplanMeier analysis using the log-rank test. Results of all prognostic analyses were presented as relative risks with corresponding 95% confidence intervals. A p-value <0.05 was considered statistically significant. Statistical analysis was performed with StatView 5.0 (SAS Institute).
Results
Patient Recruitment and Follow-up
A total of 65 patients were recruited and follow-up data were available for 63 (94%). Two patients dropped out because they stopped having medical check-ups. Of the 63 patients, 9 were excluded because of in-hospital death. the final study group comprised 54 CHF patients (31 men, 23 women; age, 69.4±11.6 years): 24 (44%) had an old myocardial infarction, 10 (19%) had dilated cardiomyopathy and 10 (19%) had valvular heart disease (aortic stenosis in 4, aortic regurgitation in 1, mitral stenosis in 3 and mitral regurgitation in 2). Study patients were treated withblockers (54%), angiotensin-converting enzyme inhibitors (69%), Ca-antagonist (35%), diuretics (87%) and digoxin (28%). There were 17 patients (34%) with a history of diabetes mellitus (DM). At hospital discharge, 13 patients were in NYHA functional class I, 14 in class II, 24 in class III and the remaining were in class IV. The LVEF derived from the resting ECG gated 99m Tc perfusion imaging was 44%. Follow-up was completed in August 2003. Within a mean follow-up period of 19.7 months (range, 0.6-39.9 months), cardiac events occurred in 18 patients: 3 died suddenly, 4 died of progressive heart disease, and 11 were re-hospitalized for worsening pulmonary congestion. The baseline characteristics for patients with and without cardiac events are listed in Table 1 . CHF patients with cardiac events tended to be older and there was a higher incidence of females than in the patients without events, but without statistical significance. The incidence of systolic hypertension, hyperlipidemia, and base-line medications including -blockers, angiotensin-converting enzyme inhibitors, diuretics and digitalis were similar. CHF patients with cardiac events had a higher incidence of DM than patients without events. In addition, BNP and NYHA functional class were different between the 2 groups.
Relation Between HRV and Cardiac Events
All five 24-h average spectral indices of HRV between the CHF patients with and without cardiac events are shown in Table 2 . VLF power, LF power and TP were significantly different between the 2 groups. VLF power was the most powerful risk stratifier in HRV. In multivariate analysis, of VLF power, LF power, TP, DM, NYHA functional class and BNP, VLF power was the independent predictor for cardiac events (chi-square =6.24, p=0.01) ( Table 3) .
The receiver-operating characteristic analysis indicated that VLF power =6.0 In (ms 2 ) was the suitable cutoff point for predicting cardiac events (Fig 1) . Among 28 patients with VLF power <6.0 In (ms 2 ), 15 (53.6%) had a cardiac event, whereas only 3 (11.5%) of 26 patients with VLF power ≥6.0 In (ms 2 ) experienced such an event. Thus, VLF power <6.0 In (ms 2 ) predicted cardiac events with 66.7% sensitivity and 63.8% specificity. Fig 2 shows the KaplanMeier cumulative event-free curve for VLF power. The 3.3-year event free rate was 45% of CHF patients with VLF power <6.0 In (ms 2 ) and was 87% in CHF patients with VLF power ≥6.0 In (ms 2 ).
Discussion
Measures of HRV as Risk Predictors in CHF
Patients with heart failure have abnormalities of the autonomic nervous system, typified by increased sympathetic activity, decreased vagal tone and depressed baroreceptor responsiveness. 23, 24 HRV is determined by a complex interaction of sympathetic and parasympathetic influences, which are modulated by central and peripheral nervous system influences on sinus node automaticity. LF power is a measure of the modulation of vagal and sympathetic tone by baroreflex activity, 16 whereas HF power is a pure measure of the modulation of vagal tone by respiratory frequency and depth, 17, 18 and together, they account for only approximately 6% of the total power in the 24-h heart rate power spectrum; however, VLF power constitutes the majority of the TP in HRV. In the present study, we demonstrated that HRV analysis could be useful for predicting Fig 1. Receiver-operating characteristic curve for determining the optimal cutoff value of the very low frequency (VLF) power for predicting cardiac events. Each actual number denotes the cutoff value for VLF power. cardiac events in patients with CHF. We found that depressed HRV measures were associated with a higher risk of cardiac events. Among the spectral measures of HRV, the VLF component was the most powerful and independent predictor of cardiac events in patients with CHF. Because it had been reported that VLF power had an interesting relation with arrhythmic death after myocardial infarction, 13 we explored the capability of VLF power to predict cardiac events in patients with CHF, most of which were worsening of CHF. This is a potentially important and surprising finding because it might be expected that the measures of HF and LF, which are more closely associated with autonomic function or baroreflex gain, might be better indexes of prognosis. [16] [17] [18] Several drugs are now available that favorably influence HRV in patients with CHF. Recent data indicate thatblockers and digoxin prevent death from progressive heart failure, and this effect may be mediated in part by the beneficial effect that these agents have on neuroendocrine function. 25, 26 Patients with a VLF power <6.0 In (ms 2 ) are at considerable risk of cardiac events and may have the most to gain from the prescription of additional drug therapy.
Comparison With Other Risk Predictors to Identify High-Risk Patients With CHF
In this study, VLF power was a more powerful risk stratifier than other established risk predictors such as NYHA functional class, BNP, LVEF and NE. CHF is a very common clinical disorder; with noninvasive cardiac testing revealing that as many as one-third of these patients have normal left ventricular systolic function, implicating diastolic dysfunction as the primary cause of their symptoms. 27, 28 Because the present study also involved many CHF patients with normal systolic function, so LVEF and NE tended to be improved after therapy and they might not be significant. On the other hand, BNP is a neurohormone secreted mainly in the cardiac ventricles in response to volume expansion and pressure overload. 29, 30 Its concentration is elevated in patients with left ventricular dysfunction, which correlates with the severity as well as the prognosis. 31, 32 Furthermore, Lubien et al found that BNP could reliably detect the presence of diastolic abnormalities. 33 BNP sharply reflects cardiac stress, so BNP might be more a powerful risk stratifier than LVEF, NE and NYHA functional class in this study.
Abnormal Respiration Pattern in CHF
Nocturnal Cheyne-Stokes respiration (CSR) occurs frequently in patients with CHF and may be associated with sympathetic activation. 34 Recently, it have been shown that CSR has a negative effect on survival in patients with CHF. 35 On the other hand, Mortara et al have reported that CSR is related to the VLF power in patients with CHF and that CSR lead to a marked increase in HRV, particularly by giving rise to a dominant oscillation in the VLF power. 36 That is, it is possible that HRV will be increased in patients with CSR. We have to take into consideration that unexpected abnormalities of respiration may distort HRV and mask prognostic information in patients with CHF.
Mechanistic Implications of the Association Between VLF Power and Prognosis in CHF
VLF power accounts for more than 90% of the total power in the 24-h heart rate power spectrum, but the physiological mechanisms for VLF power have not been identified. VLF power in part reflect thermoregulatory mechanisms, fluctuation in activity of the renin -angiotensin system, and the function of peripheral chemoreceptors. 37, 38 Recently, Mortara et al 36 and Bernardi et al 39 both reported that respiratory pattern and physical activity are important modulators of VLF power. Abnormal breathing patterns and physical inactivity are common in CHF patients and concerns have been raised as to whether this will limit the prognostic utility of VLF power. It is possible that reduced VLF power will reflect the reduction of the cardiac defensive response toward external stress and will correlate with cardiac events in CHF patients. In addition, VLF power may reflect not only cardiac stress but also general systemic stress. We believe that it will be exciting and important to determine the source of the VLF power spectrum because the VLF power is such a powerful predictor in CHF and the better understanding of the origin of VLF may lead to hypotheses of interventions aimed at improved survival.
Study Limitations
First is the influence of drugs on the HRV parameters. Many of drugs prescribed to the present patients may have influenced the activity of the autonomic nervous system; however, baseline medications were not different between the cardiac and non-cardiac groups, so the influence of drugs is thought to be trivial in this study. Second, diabetic patients were included. Decreased HRV has been shown to be a sign of autonomic nervous system dysfunction in the diabetic patients, which might have a bearing on the result that VLF power and DM were significantly different between the patients with cardiac events and those without cardiac events in this study. However, as VLF power predicted cardiac events independently of DM in multivariate analysis, it is thought that the VLF power has a close relation to the severity of CHF independently of DM. Finally, the study population in this study was small and therefore larger numbers are necessary to confirm whether VLF power can predict cardiac events in the patients with CHF.
In conclusion, the result of this study indicate that VLF power is a powerful and independent risk predictor in patients with CHF.
